By measuring its IR phosphorescence the formation of singlet molecular oxygen 1 O 2 photosensitized by rhodamine dyes is directly proved. The 1 O 2 formation rate is compared with that expected from the low probability (≈1%) of intersystem crossing of the photosensitizers. The quantum yield for triplet population and the triplet lifetime of the investigated dyes is measured by using a laser-scanning-microscopy technique. The influence of quenching agents (nitrobenzene and COT) is discussed. It results that the formation of 1 O 2 can be prevented effectively by quenching of the S 1 or T state of the photosensitizer. The influence of the molecular ground-state oxygen 3 O 2 concentration [ 3 O 2 ] is investigated. The presence of the paramagnetic 3 O 2 leads to an increased S 1 →T intersystem crossing rate of the photosensitizers and therefore to a reinforced formation of singlet molecular oxygen. It is found for rhodamine 6G as well as for rose bengal that in air-saturated acetonitrile nearly the half of the excited dye triplets are quenched by molecular oxygen. The 1 O 2 concentration can be significantly reduced by decreasing the 3 O 2 concentration below its air saturated level.
Introduction
Xanthene derivatives especially rhodamine dyes, occupy an important position among different families of dyes, owing to a number of reasons related to their photochemical and photophysical properties. Because of their high fluorescence quantum yield rhodamine dyes have wide spread technological and scientific applications e.g. single molecule detection [1, 2] , fluorescence labelling [3] , dye lasers [4] [5] [6] , conversion and storage of solar energy [7] etc. These dyes are also applied in medicine e.g. for the staining of damaged cells [8] , as antitumor agent [9] , and in photosensitized cell killing [10] . For nearly all applications a high photostability is required. This goal can be approached by increasing the deactivation of the excited molecules to their ground states. Consequently the competition of photochemical processes will be suppressed and therefore their importance decreases. Owing to its metastable character for photochemical reaction the triplet state T is of particularly interest.
In dye laser technology a short triplet state lifetime is of two fold importance. Besides an increased photostability a reduced triplet state lifetime leads to a decreased triplet-triplet absorption which can be decisive for laser efficiency [11] [12] [13] [14] [15] [16] . Molecular parameters important for dye laser action for a number of rhodamine dyes were measured in our group by using a time resolved laser-scanning-microscopy technique [17, 18] .
Because of the low lying excited singlet state of the omnipresent molecular oxygen this molecule frequently operates as efficient intermolecular quencher for excited singlet and triplet states. As reaction product the chemically highly reactive 1 O 2 can be formed [19] [20] [21] [22] [23] [24] . This molecular species may activate the photodecomposition of the dye molecules or can lead to a phototoxical action of the dye.
Several techniques have been used to detect 1 O 2 in condensed phase like 1 O 2 → 3 O 2 NIR phosphorescence [25] [26] [27] [28] [29] [30] [31] [32] [33] , time resolved thermal lens spectroscopy [26, 34, 35] , and the analysis of 1 O 2 specific reaction products [21, 29, [36] [37] [38] [39] [40] [41] . Quantum yields of 1 O 2 production have been investigated for a large number of sensitizers. Even for a couple of hydroxy xanthenes which show a relatively high triplet quantum yield as fluoresceine, eosin and rose bengal values for 1 O 2 production rates are reported [35, 36, 42] . Rhodamine dyes possess a very low triplet quantum yield (1% or less) [43] . Only few experiments [40, 41, [44] [45] [46] have been performed in order to prove the formation of 1 O 2 sensitized by rhodamine dyes. This is perhaps surprising in view of the frequently discussed relation between the photostability of xanthene dyes and the presence of 1 O 2 [35, 42, [47] [48] [49] [50] [51] [52] [53] .
In the present paper, the formation of 1 O 2 photosensitized by rhodamine dyes is directly proved. The detection of the 1 O 2 is provided by the sensitive detection of its phosphorescence near 1.27 m. A kinetic theory is presented and verified by the experiment. It is shown that the formation of the 1 O 2 can be prevented. For that purpose the influence of quenching agents for the rhodamine dyes in their first excited singlet S 1 and triplet T states is investigated.
The results are compared to the predictions, which are expected from the measurement of the molecular dynamics (rate constant k ST for S 1 →T intersystem crossing and triplet lifetime τ T ) of the investigated dyes. The measurement of these parameters is carried out by using a laser-scanning-microscopy technique [17, 18, 43, 54] . 
Experimental details
The investigated dyes (photosensitizers) were solved in acetonitrile (spectroscopic grade, Merck). Their chemical structures are shown in Table 1 . The investigated dyes were checked for purity by thin layer chromatography. Rhodamine 6G (laser grade, Exciton), rose bengal (632-69-9, Acros) and methylene blue (CI 52015, Merck) were used without further purification. Rhodamine 630 was synthesized and purified in the lab of Prof. K. H. Drexhage, University of Siegen, Germany. The rhodamine dyes were also checked for purity by high-performance liquid chromatography and did not contain a significant amount of impurities. As quenching agent 1,3,5,7-cyclooctatetraene (COT) (Radiant dyes) and nitrobenzene (puriss. p.a., Fluka) was applied. The 3 O 2 concentration is adjusted by bubbling (15 min) with the corresponding N 2 -O 2 -gas mixture. The solubility of 3 O 2 in acetonitrile is k Henry = 9.1 × 10 −3 mol/(l atm) [55] . Assuming an ideal behaviour of gaseous elements in acetonitrile and almost complete gas displacement, one yields for the 3 The dye solution is placed in a fluorescence cell DC of 1 cm × 1 cm thickness (see Fig. 1 ) and irradiated by a collimated laser beam. The focal plane of the lens L is 40 mm behind the dye cell. The mode diameter θ m of the laser beam at the entrance of the dye cell is ≈500 m. In order to suppress infrared radiation which is emitted from the excitation laser discharge the cut off filter F is used. The laser light excites dye molecules from their ground state to the first excited singlet state, which either return rapidly to their ground state or intersystem cross to a lower lying triplet state. By quenching of the photosensitizers triplet state with 3 pendicular to the laser beam. As spectrometer a specially designed highly sensitive monochromator is used (see Fig.  2 ). It consists of a microscope objective MO, which collects a large fraction of the emitted phosphorescence photons. The subsequent wavelength selection is carried out by a narrow band interference filter IF. By tilting this filter away from perpendicular incidence its transmission wavelength is shifted to a shorter wavelength as shown in Fig. 3 . This apparatus allows to sensitively record luminance spectra from 1210 to 1310 nm. The spectral resolved light is focused on a InGaAs photodiode (1 mm diameter) used at room temperature. The magnification given by the detection optics is 3.3 fold (see Fig. 2 ). Thus the length θ vf of the sensing volume is 300 m. For the sensing volume V results V = θ vf θ m 2 /4 ≈ 0.06 mm 3 . In order to increase the signal to noise ratio the excitation beam is chopped and the detector current is recorded by a lock-in amplifier. All measurements are carried out at room temperature and under identical conditions (with respect to excitation power and wavelength, sample absorption and setup adjustment).
The ground state absorption (see Fig. 4 ) and fluorescence spectra are measured by a spectrophotometer (model Lambda 19, Perkin Elmer) and a fluorimeter (model Fluorolog, Spex). The fluorescence lifetime of the dyes is measured by single photon counting and carried out by S. Nord, University of Heidelberg, Germany.
For the determination of the excited-state kinetics of the dyes (S 1 →T intersystem crossing rate constant and triplet lifetime) a laser-scanning microscope is applied. Experimental details are described elsewhere [43, 56] . Briefly, the sample consists of a dye solved in acetonitrile. The dye solution is moved by using a fast spinning dye cell (l = 200 m thickness). A continuous excitation beam (Ar-ion laser, absorbed power ≈100 mW) is focused onto the sample. Owing to the motion of the dye cell long living transients will be transported downstream. This provides a characteristic spatial distribution of transient states. The transmission of the sample is measured using a continuous probe beam (Ar-or Kr-ion laser) which is focused downstream of the excitation focus. Due to the adjustable distance between the foci of the probe and the excitation beam the complete distribution of transient states in the sample is detectable. Because of the motion of the sample the spatial evolution of the transmission can be transformed into the time domain. Consequently, it is possible to identify individual states by analysing the temporal decrease of the transient absorption. The waist diameter a of the focused beams is 15 m. A typical sample velocity v jet is 70 m s −1 which can be converted to a time resolution of a/v jet = 200 ns. In order to increase the signal to noise ratio the excitation beam is chopped and the detector current is recorded by a lock-in amplifier. With this technique transient absorptions down to 10 −7 can be detected.
Theory
The analysis of the recorded signal is carried out on the basis of a reaction scheme system shown in Fig. 5 . This scheme is usually accepted for the 1 O 2 production [19, 20, 34, 39] . After excitation of the photosensitizer to its first excited singlet S 1 ( Fig. 5(a) ) state via intersystem crossing the lowest triplet state T is populated (Fig. 5(e) ). The T state is deactivated by intermolecular interaction either with 3 O 2 ( Fig.  5(i, j) ) (predominant energy transfer, under certain conditions electron transfer [57] ), with an added triplet quencher Q (Fig. 5(h) ) or with other triplet quenchers (Fig. 5(g) ) (e.g. impurities which are present in the solution in a low (Fig. 5(d) ) is also spin allowed but energy forbidden. The energy gap between the S 1 and the T state of the investigated rhodamines is only 3100 cm −1 [58] and therefore not sufficient to excite the 1 O 2 to its energy level (7882 cm −1 [29] ).
The measurable oxygen phosphorescence is proportional to the 1 O 2 concentration. In order to calculate the 1 O 2 concentration it is useful to consider the following rate equations of the photosensitizers S 1 and T state and for the 1 
with The definition of the above-mentioned values are given as an average over the sensing volume. P A is the population rate of the S 1 state caused by laser excitation and given by
Here V is the sensing volume. P the absorbed laser power at the wavelength λ. The h, c and N A are Planck's constant, vacuum velocity of light and Avogadro's constant, respectively.
If the duration of the excitation (half chopper period) is much longer than the relaxation time of the system to its equilibrium all derivations (Eqs. (1)-(3) ) will be zero which leads to
with the quantum yield ST for intersystem crossing
and O 2 the yield for triplet quenching by 3 O 2 which is given by
The lifetime τ T of the T state can be written as [59]
where
represents the triplet lifetime in absence of molecular oxygen. Because of its paramagnetism the presence of 3 O 2 leads to an increased probability of intersystem crossing given by [60] .
where the value of k 0 ST and m S does not depend on the 3 O 2 concentration. m S is a constant which describes the enhancement of intersystem crossing by the presence of oxygen. The variation in the value of k ST also influences the lifetime of the S 1 state given by
where k fl and k nr are the rate constants for fluorescence and with exception of intersystem crossing the nonradiative deactivation rate constant of the S 1 state of the photosensitizer. For the triplet quantum yield follows with Eqs. (6), (9) and (10)
The oxygen dependency of k fl and k nr is neglected. With Eqs. (5) and (11) the concentration of 1 O 2 can be calculated (8) and (9)). The fit parameter are given in Table 2 .
from its lifetime, the 3 O 2 concentration and the molecular properties of the photosensitizer. Rhodamine dyes are distinguished by their high quantum yield of fluorescence (>90%) and a low probability for intersystem crossing (1% or less). Therefore, one can write (k fl + k nr ) k ST . Consequently Eq. (11) can be simplified to (12) which means that the triplet yield depends linear on the 3 O 2 concentration, whereas in this approximation the lifetime of the S 1 state does not depend on the 3 O 2 concentration. The population of the T state competes with the fluorescence (Fig. 5(b) ). Thus the fluorescence quantum yield fl is related to the quantum yield for intersystem crossing and given by
Results and discussion
In Fig. 6 , the triplet state lifetime and the rate constant for intersystem crossing of rhodamine 6G and rose bengal is given. In the present paper rose bengal as an established 1 O 2 generator [61, 62] is applied as reference dye. We measure a striking low triplet quantum yield of about 40% in acetonitrile, which is consistent to the relatively high fluorescence quantum yield (36%) of rose bengal in this solvent. These results are in good agreement with the strong dependence of rose bengals intersystem crossing rate constant on the solvent polarity [63] .
Rose bengals intersystem crossing rate dependency on the 3 O 2 concentration, if there is any, is smaller than the accuracy of the measurement. The triplet quantum yield of the rhodamine dyes is in the order of 1% and clearly depends on the 3 O 2 concentration. The linear dependency expected from Eq. (9) is verified. The slope of the obtained linear fits are given in Table 2 .The obtained values are in accordance with published data given for other solvents (ethanol, ethylene glycol) [56] . For the investigated sensitizers the fluorescence quantum yield and therefore the lifetime τ S , is measured and emerges as nearly independent of the 3 O 2 concentration. Thus, the quantum yield for the triplet state population is proportional to the rate constant for intersystem crossing (see Eq. (6)). Therefore, the scaling of both ordinate axis in Fig. 6(a, b) is proportional.
The measured 3 O 2 dependency of the sensitizers triplet lifetime (see Fig. 6(c, d) ) is as expected from Eq. (8) . The values obtained by the linear fit are given in Table 2 . The values of the quenching constant (k 1 + k 3 ) are in the order of magnitude expected for diffusion controlled quenching processes. In Table 3 the yield O 2 for triplet quenching by 3 O 2 is given for air saturated solutions. For rhodamine 6G as well as for rose bengal nearly the half of the excited dye triplets are quenched by molecular oxygen.
As shown in Fig. 7(a) we are able to detect oxygen phosphorescence photosensitized by rhodamine 6G. By irradiation of the (dye-free) solvent no oxygen phosphorescence has been detected. This proves the signal does not origin from a solvent impurity. The rhodamine dyes where checked for purity by high-performance liquid chromatography and did not contain a significant amount of impurities which can cause the obtained oxygen phospherescence. This holds true even if the triplet quantum yield of the impurities is close to the unity. Therefore, the singlet oxygen production sensitized by impurities containing the dye sample has also been excluded. Consequently, it has been proved unambiguously that the oxygen emission is indeed sensitized by the (7) and the values given in Table 2 .
f Calculated by Eq. (4) and (5) with τ = 60 s [20, 67] and the value given in Table 2 . rhodamine. Thus, for the first time with Fig. 7 we have shown that it is possible to measure the phosphorescence of 1 O 2 photosensitized by a rhodamine dye. The oxygen phosphorescence is overlapped by an emission signal, which decreases with an increasing of the detec- (7) and (13) tion wavelength. This signal is probably caused by the long wavelength tail of the rhodamine fluorescence.
As shown in Fig. 7 the addition of COT to the rhodamine and rose bengal solution leads to a significant reduction of the phosphorescence signal. This reduction is due to the interaction of COT with the T state of the dyes. As is shown in [59] by the presence of COT the triplet state of rhodamine dyes is effectively quenched, whereas the S 1 state and therefore the triplet quantum yield is not affected and 1 O 2 only slightly interacts with COT [64] . Therefore, triplet quenching by COT competes with that by 3 O 2 and should lead to the measured decrease of the 1 O 2 concentration. The process is described by Eq. (5).
As can be seen from Fig. 8 the addition of nitrobenzene also reduces the 1 O 2 concentration. It is known that nitroben- Table 2 .The dotted line (----) is fitted by using Eq. (5) with a oxygen independent intersystem crossing rate. Excitation power 450 mW, excitation wavelength 514.5 nm (at this wavelength for both dyes results an absorbance of 0.45/mm).
zene quenches excited singlet states of various dyes by increasing the radiationless deactivation rate constant k nr . In [59] for rhodamine dyes we could show that the intersystem crossing rate constant and the triplet lifetime is not influenced by the presence of nitrobenzene. The increase of k nr causes a reduction of triplet quantum yield (see Eq. (6) and (10)). From Eq. (13) one expects, the 1 O 2 concentration to be proportional to the fluorescence quantum yield. As shown in Fig. 8 this theoretical prediction is fulfilled. Fig. 9 shows the oxygen phosphorescence intensity as function of the 3 O 2 concentration [ 3 O 2 ]. The reduction of the 3 O 2 concentration leads to a decreased phosphorescence intensity. For both sensitizers, the measured oxygen dependency can be described by Eq. (5) and (11) . As can be seen from Fig. 9 in case of rhodamine 6G the data measured by the laser-scanning microscope (see Fig. 6 (a, c) and Table 2 ) lead to an excellent agreement with the measured oxygen phosphorescence intensity (only the absolute scaling is fitted). This is a further strong indication that the measured oxygen phosphorescence is indeed sensitized by the rhodamine. By using rose bengal as sensitizer the measured oxygen phosphorescence intensity as function of the 3 O 2 concentration can also be described by Eq. (5). In this case no significant oxygen dependency of the triplet quantum yield is assumed.
In Table 3 the investigated photosensitizers are compared. Rhodamine 630 is known as a dye which possesses a rate constant for intersystem crossing lower than that of rhodamine 6G [65] . As shown in Table 3 this is applicable in acetonitrile as well. The low triplet quantum yield of rhodamine 630 leads to the expected small 1 O 2 concentration.
From the experimental dimensioning typical for the situation described in context with Fig. 7 (P = 65 mW, λ = 514.5 nm, V = 0.06 mm 3 ) follows with Eq. (4) P A = 4.7 mol/(l s). With the assumption k 1 k 3 the 1 O 2 concentration in the sensing volume is calculated by Eq. (5) and given in Table 3 .
For rose bengal the measured value for I /I (rh6G) is approximately three times lower than expected from the triplet yield ratio ST / ST (rh 6G). This is a hint for quenching of 1 O 2 or its precursors by rose bengal in one or more of its electronic states. To ascertain if the ground state or a transient state of rose bengal is operative, methylene blue is used to sensitize singlet molecular oxygen. Methylene blue is excitable outside the absorption band of rose bengal by the 647.1 nm line of a Kr-ion laser (see Fig. 4 ). Analysing the oxygen phosphorescence photosensitized by methylene blue as a function of the rose bengal concentration allows to extract the influence of rose bengal ground state selectively. Indeed an efficient reduction of the detected luminescence with increasing rose bengal concentration is observed (not shown). In order to determine the origin of this effect, the triplet lifetime of both methylene blue and rose bengal is measured in dependence on rose bengal concentration. The obtained triplet lifetimes show no influence sufficient to explain the efficient phosphorescence reduction. This deduces a direct quenching of 1 O 2 by rose bengal in its ground state. A strong influence of transient rose bengal molecules on each other or on 1 O 2 can be excluded because of the proportionality between exciting power and phosphorescence intensity. In the literature [66] the mechanism of the quenching effect of ground state rose bengal on 1 O 2 is discussed.
Conclusion
By measuring its IR phosphorescence the formation of 1 O 2 photosensitized by rhodamine dyes is directly proved. The dye rhodamine 630 possesses a quantum yield for triplet state population which is two times lower than that of rhodamine 6G. The comparison of the formed 1 O 2 concentration photosensitized by these dyes leads to the expected ratio. By using rose bengal as photosensitizer from its high triplet quantum yield a 1 O 2 concentration 40 times higher than that of rhodamine 6G is expected. Whereas the measured ratio is considerably smaller. As explanation for this difference a direct quenching of 1 O 2 by rose bengal in its ground state is discussed.
It is found for rhodamine 6G as well as for rose bengal that in air-saturated acetonitrile nearly the half of the excited dye triplets are quenched by molecular oxygen. The 1 O 2 concentration can be significantly reduced by decreasing the 3 O 2 concentration below its air saturated level.
By addition of nitrobenzene and COT the formation of 1 O 2 can be effectively prevented by quenching of the S 1 and T state of the photosensitizer.
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